Abstract Multipotent skin-derived precursors (SKPs) are dermal stem cells with the capacity to reconstitute the dermis and other tissues, such as muscles and the nervous system. Thus, the easily available human SKPs (hSKPs) hold great promises in regenerative medicine. However, long-term expansion is difficult for hSKPs in vitro. We previously demonstrated that hSKPs senesced quickly under routine culture conditions. To identify the underlying mechanisms so as to find an effective way to expand hSKPs, time-dependent microarray analysis of gene expression in hSKPs during in vitro culture was performed. We found that the senescence of hSKPs had a unique gene expression pattern that differs from reported typical senescence. Subsequent investigation ruled out the role of DNA damage and classical p53 and p16
Introduction
One of the fascinating characters of human adult stem cells is their ability to develop into the whole tissue, which holds great promises in regenerative medicine. Of all human adult stem cells, skin-derived stem cells are of special interests because of their easy availability [1] . Skin-derived precursors (SKPs) are multipotent stem cells enriched from the mammalian dermis. Their capacity to regenerate all the dermal cell types makes them useful in skin wound healing and hair follicle reconstitution [2] . Moreover, additional differentiation potential of SKPs has been revealed. Rodent SKPs are capable of repairing damaged muscles, bones, as well as the nervous system [3] [4] [5] . Although human SKPs (hSKPs) can be isolated with similar protocols, their longterm expansion in vitro is defective [6, 7] . We previously demonstrated that foreskin-derived adult hSKPs senesced quickly in vitro, which could be partially alleviated by enhancing PI3K-Akt pathway activity or culturing hSKPs with micro-environment-mimicking three-dimensional hydrogel scaffolds [8, 9] . To realize the therapeutic potential of hSKPs, further inhibition of their senescence and the promotion of their propagation are of great significance.
Cellular senescence is a state of irreversible cell cycle arrest triggered by multiple insults. Replicative senescence often occurs after many cell doublings when the telomere was shortened to critical minimal length to trigger the DNA damage response (DDR) [10] . Cellular senescence can also been induced prematurely by oncogene activation, inadequate culture conditions, oxidative stress, as well as ultraviolet and ionizing radiation [11] . Physiologically, senescence is regarded as a tumor-suppressing mechanism [11] . For many cell types, stress-induced premature senescence (SIPS), rather than apoptosis, is how cells respond to sub-cytotoxic levels of stresses, both in vitro and in vivo [12] . Thus, it is of great importance to reveal the mechanisms underlying SIPS, especially for adult stem cells that are prone to be subject to environmental insults, such as skin-and intestine-resident stem cells.
It is well demonstrated that p53-p21 CIP1 and p16 INK4a -pRB signal cascades are the two most common and important senescence-mediating pathways which finally led to the cell cycle arrest at the G1 phase. Many upstream signals are reported to exert in cellular senescence, such as PI3K-Akt, p38 MAPK, and NF-jB signals [13] [14] [15] . We previously found that PI3K-Akt pathway inhibits the senescence of hSKPs while promoting their self-renewal [8] .
To further dissect relevant mechanisms of hSKP senescence, we investigated the time-dependent gene expression profiles of hSKPs in culture. Surprisingly, the senescence of hSKPs displayed distinct gene expression pattern from known classical senescent phenotype. Further exploration of related signals also revealed mechanisms other than p53 and p16
INK4a signaling. With gain-and loss-of-function studies, we demonstrated that the senescence of hSKPs was mediated by the Akt-FOXO3-p27 KIP1 /p15
INK4b signaling. The unique characteristics and specialized mechanism of hSKP senescence provide novel insights into the senescence and self-renewal control of adult stem cells. The present study also points out a way to propagate hSKPs so as to fulfill their promises in regenerative medicine.
Materials and methods

Plasmids and construction of lentiviral vectors
Foxo3, Cdkn1b and Cdkn2b lentiviral shRNA vectors were purchased from TRC Lentiviral shRNA Libraries (Thermo), and the backbone vector was pLKO.1. Cdkn2a and Tp53 lentiviral shRNA vectors, which were also constructed into pLKO.1, were kind gifts from Prof. Zengqiang Yuan at the Institute of Biophysics, Chinese Academy of Sciences. pLKO.1 containing a scramble sequence with no specific target was used as a negative control in all RNA interference (RNAi) experiments.
901 pLNCX Myr HA Akt1 and 902 pLNCX Myr HA Akt1 K179M plasmids were purchased from Addgene (http:// www.addgene.org). The myr HA Akt1 and myr HA Akt1 K179M sequences were cloned using PCR with a forward primer ''5 0 -CCGCTCGAGATGGGGTCTTCAAAATCTA A-3 0 '' and a reverse primer ''5 0 -GGAATTCAGGCCGTGC CGCTGGCCG-3 0 ''. Interested sequences were cloned into a lentiviral vector pLVX-AcGFP1-N1 (Cat# 632154 Clontech). The empty pLVX-AcGFP1-N1 vector with GFP was used as a parallel control to monitor transfection efficiency.
Skin sample processing and initial hSKP and hFb culture Human foreskin samples were derived from voluntary circumcisions with informed consents. The protocol was approved by the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences. The foreskin sample processing and cell isolation procedures were described previously [8] . Briefly, fresh foreskin samples were washed, and subcutaneous tissues were removed. After overnight incubation in 5 mg/ml Dispase (Cat# 17105-041 Gibco), dermis were collected and further digested with Collagenase Type IV (Cat# 17104-019 Gibco) into liquid form. Single dermal cells were harvested, washed, plated at a density of 10 6 cells/ml into non-tissue-culture-treated petri dishes (Cat#351029 BD Falcon) and finally cultured at 37°C with 5 % CO 2 . The hSKP culture medium was DMEM/F12 (Cat# 11320-033 Gibco) with 20 ng/ml epidermal growth factor (EGF, Cat# AF-100-15 PeproTech, NJ, USA), 40 ng/ml basic fibroblast growth factor (bFGF, Cat# AF-100-18b PeproTech) and 2 % B27 (Cat# 12587-010 Gibco). hSKPs formed spheres via proliferation and aggregation in suspension culture. After Day 3, cells were cultured in poly-HEMA (Cat# P3932 Sigma) coated petri dishes to prohibit attachment. hFbs were cultured by plating freshly isolated dermal cells on tissue-culture-treated 10-cm dishes (Cat# 430166 Corning). The culture medium was DMEM (Cat# 10569010 Gibco) with 10 % fetal bovine serum (FBS, Cat# SH30084.03 Hyclone).
Sub-culture and treatments of hSKPs Routinely, the culture medium was changed every 3 days by centrifugation, and SKP spheres were trypsinized into single cells with 0.25 % trypsin (Cat# 25200056 Gibco) every 6 days. In certain experiments, hSKPs were treated with different factors or transduced with lentiviral vectors. For growth factor and chemical compound treatments, Day 3 hSKPs were treated with different concentrations and combinations of growth factors or chemical compounds. Cells were trypsinized on Day 6; the medium was changed on Day 9 and cells were harvested for analysis on Day 12 unless specifically indicated otherwise.
For lentiviral transduction, Day 3 hSKPs were trypsinized into single cells and forced to adhere to a tissueculture-treated 10-cm dish (Corning) at a density of 2 9 10 6 cells/dish by adding 5 % FBS (Hyclone). 7 h after cell plating, lentiviruses were added to the culture medium with 8 lg/ml polybrene (Cat# H9268 Sigma). Cells were trypsinized 24 h after transduction and cultured in suspension as usual without FBS. Cells were harvested on Day 13.
Cell harvest for subsequent analysis
On the day of cell harvest, hSKP spheres were collected by centrifugation. In some cases, hSKP spheres were cytospinned directly for staining. In other cases, such as flow cytometry or quantitative analysis of staining, hSKP spheres were trypsinized into single cells and washed in PBS before being processed. For subsequent RNA purification or protein collection, hSKPs spheres were also trypsinized and washed to achieve better cell dissociation.
More detailed experimental procedures for lentivirus production, immunostaining, flow cytometry and so on are presented in the supplementary experimental procedures.
Results
Characterization of the senescent phenotype of hSKPs
We previously reported that hSKPs quickly senesced in culture. Here, we further examined the detailed phenotype of hSKPs. Adherent hSKPs from early and late passages exhibited evident differences in morphology. Day 24 attached cells were larger, flatter and more irregular in shape than Day 3 attached cells (Fig. 1a) . Also, Day 24 hSKP spheres showed uniformly intense SA-b-gal staining, whereas only a variable small portion of freshly isolated dermal cells were SA-b-gal? (Fig. 1b) . There was no connection between the donor age and the SA-b-gal staining of Day 0 dermal cells (Fig. S1 ).
The decrease of hSKP proliferation was previously revealed by Ki67 staining [8] . Here, the proliferation decline and G1 cell cycle arrest of hSKPs were further demonstrated by the down-regulation of proliferating cell nuclear antigen (PCNA) expression and RB phosphorylation at Ser807/811 (Fig. 1c, d ). Ki67 and phosphorylated RB (p-RB) did not necessarily co-exist in the same cells, but there were cells expressing both proteins (Fig. 1e) . The relationship between Ki67? proliferating cells and SA-b-gal? senescent cells was also investigated. Intriguingly as indicated in Fig. 1f , Ki67 and SA-b-gal staining was not strictly exclusive. A few Ki67? cells also showed some degree of SA-b-gal staining, possibly due to incomplete growth arrest.
Changes in gene expression during hSKP senescence
To further understand the mechanisms underlying hSKP senescence, hSKPs of two independent cultures that had comparable senescence rate (designated as A and B) were collected on Day 3, 6, 9 and 12, and time-dependent microarray analysis was performed (Fig. 2a) . The sampling protocol is shown in Fig. S2 . Complete gene expression data are presented in Table S1 . Sample clustering analysis based on overall gene expression showed that Day 9 and 12 hSKPs were similar in gene expression pattern, and had more differential gene expression compared with Day 3 cells, consistent with the SA-b-gal staining results (Fig. 2b) . However, Day 6 cells from Sample A were more similar to Day 9 and 12 cells, whereas those from Sample B were more like Day 3 cells, indicating that Sample A and B still exhibited slight variance in senescent rate. Overall gene expression changed most dramatically during Day 3 and 9, corresponding to the quick increase in SA-b-gal activity during this period (Fig. 2a) .
With a Short Time-series Expression Miner software [16] , genes whose expression changed C2 fold and had significant change patterns during culture were identified (Fig. 2c) . Details of genes in each profile are listed in Table  S2 . Molecular function clustering showed that most significant categories in both up-regulated (red) and downregulated (green) genes were protein binding, ion binding and receptor activity (Fig. 2d, left panel) . Top categories of biological process in down-regulated genes included those related to cell cycle (Fig. 2d, mid panel, bottom) , consistent with the cell cycle arrest phenotype in hSKPs. Among upregulated genes, top biological process categories included cell adhesion, signal transduction and ion transport (Fig. 2d, mid panel, top), which might be associated with the altered metabolism of senescent cells. Complete gene ontology (GO) term list is shown in Table S3 . To our surprise, many reported cellular senescence-associated genes, especially those concerning the senescence-associated secretory phenotype (SASP), did not show an accordant variation (Table  S4) . Thus, we speculate that hSKP senescence has its unique phenotype and mechanisms.
We looked into cyclin-dependent kinase inhibitor (CDKI) genes which functioned in G1 phase and G1 to S Fig. 1 progression. Microarray data indicated an obvious expression increase of Cdkn2b (Table S1 ). qPCR analysis showed an overall significant up-regulation of Cdkn1b, Cdkn1c, Cdkn2a, Cdkn2b, Cdkn2c and Cdkn2d mRNA during the first 12 days, despite the small fold change for several genes (Cdkn1b, Cdkn1c and Cdkn2d) (Fig. 2e) . Cdkn1a expression level on Day 3 was too low to be accurately determined, and Cdkn2d mRNA level was also very low. In prolonged culture, only Cdkn2a and Cdkn2b levels kept rising (Fig. 2f) , suggesting possible involvement of these CDKIs in hSKP senescence. Cdkn2a encodes p16 INK4a and p14 ARF proteins, both involved in cell cycle regulation. p14 ARF mainly acts on p53 pathway, a key regulator of DNA damage responses and cellular senescence [17] . p16
INK4a itself is also another key regulator in cellular senescence induced by insults other than DNA damage [17] . Cdkn2b encodes p15
INK4b , which is also reported to function in cellular senescence. We next examined possible mechanisms related to the above CDKIs.
hSKP senescence is not activated by DNA damage and p53 pathway p53 signaling is one of the most important two pathways in cellular senescence, which is usually induced by stimuli that generate DDR such as radiation, oxidative stress, telomere dysfunction. With GO analysis of our microarray data (Table S3 ), we noted that some genes related to oxidative stress and DDR showed significant change in hSKPs. Therefore, we looked into this possibility. Histone H2A.x phosphorylated at Ser139 (cH2A.X) is a biomarker of double strand break (DSB) of DNA. There were indeed a few hSKPs with DSB, as indicated by their focal staining of cH2A.X (Fig. 3a) . cH2A.X? and Ki67? cells were largely non-overlapping (hollow arrow heads in Fig. 3a) , but there were cells with DSB still proliferating (arrow heads in Fig. 3a) , suggesting that growth arrest had not been triggered in these cells yet. Flow cytometry showed no significant change in cH2A.X fluorescence among hSKPs on different days of culture (Fig. 3b) , indicating relatively consistent small portion of cells with DSB.
In line with the low level of DSB in hSKPs, p53 expression was found in only a minority of hSKPs (Fig. 3c ) and showed only a slight increase with time (Fig. 3d) . p53? cells generally showed no proliferation, with only a minor exception (arrows in Fig. 3c ). p21 CIP1 , the effector of p53, showed similar expression pattern to p53 (Fig. 3e) , and its mRNA level had no significant change during culture (Cdkn1a, Fig. 2f) . We compared mRNA levels of p21 CIP1 in hSKPs and fibroblasts (hFbs) from the same donors. Interestingly, Day 12 and 24 p21 CIP1 mRNA levels in hSKPs were comparable with those in hFbs, which showed no senescence or growth arrest (Fig. 3f ), suggesting that p21 CIP1 level in hSKPs was not sufficient to induce senescence. Further verification was performed by efficient p53 knockdown in hSKPs (Fig. 3g) , which had no effect on hSKP senescence (Fig. 3h) , ruling out p53 and p21 CIP1 as hSKP senescence effectors. hSKP senescence is not mediated by p16 INK4a We previously reported an increase of p16
INK4a protein in hSKPs in culture and a prominent p16
INK4a expression in hSKPs on Day 24 [8] . Here, qPCR results pointed to an upregulation of Cdkn2a gene expression with time, but the fold change was small during the first 12 days (Fig. 2e, f) INK4a and SA-b-gal staining showed little relevance, with only a few cells positive for both markers (Fig. 3i,  top) . On Day 18, with both p16
INK4a ? and SA-b-gal? populations expanded, double positive cells also increased (Fig. 3i, bottom) . The existence of SA-b-gal? cells without p16 INK4a expression suggested a mechanism independent of p16 INK4a . Also, non-senescent hFbs showed similar increase in p16
INK4a mRNA levels with time ( Fig. 3j) . Knocking down p16
INK4a in hSKPs failed to alleviate senescence, as expected (Fig. 3k, l) . Therefore, hSKPs senescence was not mediated by p16 INK4a , either.
p15
INK4b and p27 KIP1 are involved in hSKP senescence
We compared the expression of Cdkn2b in hSKPs and hFbs from the same donors. As shown in Fig. 4a , Cdkn2b expression in hSKPs increased with time and was three-to five-fold higher than that in hFbs, suggesting a possible involvement of p15 INK4b in hSKP senescence. We also checked p15
INK4b protein level in hSKPs, which showed a consistent up-regulation with time (Fig. 4b) . However, costaining of p15 INK4b and Ki67 indicated that most proliferative cells (Ki67?) showed p15
INK4b expression (Fig. 4c) , suggesting no direct inhibition of proliferation by p15 INK4b . We also did RNAi to knockdown p15 INK4b in hSKPs. While all 3 RNAi vectors worked well at mRNA level (Fig. 4d) , only two of them had an obvious knockdown effect at protein level (Fig. 4e) . These two groups showed moderately alleviated SA-b-gal staining, indicating reduced cellular senescence (Fig. 4f, g ). Accordingly, these two groups showed enhanced expression of proliferation marker PCNA (Fig. 4e) .
Since p15 INK4b had no direct inhibition of hSKP proliferation and its knockdown only slightly alleviated hSKP senescence, we speculated that other CDKI(s) might still play a role. We noticed that although the expression level of Cdkn1b (encoding p27 KIP1 ) showed no uniform variation tendency in different samples, its expression signals are stronger than other CDKIs (Table S1 ). Interestingly, p27 KIP1 and Ki67 staining were absolutely exclusive of each other (Fig. 4h) , indicating that p27 KIP1 ? cells were nonproliferative. To examine the contribution of p27 KIP1 to hSKP senescence, we knocked it down in hSKPs. Two out of three shRNA vectors showed significant knockdown effect (Fig. 4i, j) . p27 KIP1 -deficient hSKPs showed significantly reduced SA-b-gal staining (Fig. 4k, l) and increased PCNA expression (Fig. 4j) . Therefore, our results demonstrate that p27 KIP1 plays a role in hSKP senescence.
AKT hypo-activity and insufficient inhibition of FOXO3 contribute to hSKP senescence
We next looked into the upstream regulators of p15 INK4b and p27 KIP1 in cell cycle control. Both CDKIs were regulated by FOXO3, whose immunostaining in hSKPs at different time points revealed its presence in the majority of cells and a predominant nuclear location (Fig. 5a) , indicating a continuous activity. Costaining of FOXO3 and Ki67 indicated that some FOXO3-active cells were still proliferative (arrow heads in Fig. 5a ). Lentiviral RNAi of FOXO3 in hSKPs showed effective knockdown of FOXO3 protein (Fig. 5b, e) , together with significantly decreased SA-b-gal staining (Fig. 4c) . SA-b-gal? cells on Day 13 dropped around 50 % in FOXO3 knockdown groups (Fig. 4d) . FOXO3 knockdown inhibited p15 INK4b and p27 KIP1 expression, and increased proliferation marker PCNA expression (Fig. 4e) . FOXO3 is phosphorylated and inhibited by protein kinase B (Akt), whose maximal activity depends on the phosphorylation at both Ser473 and Thr308 sites. We previously found that Akt phosphorylation at Ser473 (pAkt 473) in hSKPs decreased with time [8] . Here, we further checked the phosphorylation status of Thr308 (p- (Fig. 4f) . Western blot assay indicated consistent results (Fig. S3a) . However, in hFbs, bands for p-Akt 308 were clear on any analyzed days (Fig. S3b) . In summary, hSKPs had inadequate Akt activation from the very beginning, which possibly led to the strong activity of FOXO3.
We previously used several growth factors such as PDGF to activate Akt in hSKPs [8] . Because our microarray data indicated significant change in the expression of several genes related to the IGF pathway, here we used the combination of different doses of IGF-1 and IGF-2 to try to activate Akt (Fig. S4a) . However, IGF treatments failed to phosphorylate Akt at Thr308 and inhibit FOXO3 nuclear localization (Fig. S4b, first and second rows) . hSKP proliferation was only slightly promoted with the highest concentrations of IGF (Fig. S4b, third row and Fig.  S4c ), and hSKP senescence was not changed by IGF treatments (Fig. S4b, last row) .
To fully activate Akt and access its role in hSKP senescence, we introduced into hSKPs constitutively active Myr-Akt using lentiviral vectors. Myr-Akt expressing hSKPs showed substantial Akt phosphorylation at both sites ( Fig. 5i; Fig. S5 ). Immunostaining also showed the expression of p-Akt 308 in the vast majority of hSKPs after Myr-Akt introduction (Fig. 5g) . Compared with mutated Myr-Akt control which did not have activity, Myr-AkthSKPs showed a significant decrease in SA-b-gal? cell ratio (Fig. 5h, j) and an increase in Ki67? cell ratio (Fig. 5i, k) , indicating an inhibition of cellular senescence and a promotion of cell proliferation. We also checked downstream effectors after Akt activation in hSKPs. As expected, FOXO3 phosphorylation was up-regulated, and both p15 INK4b and p27 KIP1 were down-regulated, compared with the mutated control (Fig. 5l) . Also, the promotion of cell proliferation was further demonstrated by PCNA expression (Fig. 5l). hSKP senescence is not mediated by GSK3b, mTOR or TGF-b signals In addition to FOXOs, Akt also phosphorylates and inhibits GSK3b. In contrast to FOXO3, the phosphorylation of GSK3b (p-GSK3b) in hSKPs was robust in hSKPs ( Fig.  S6a) , possibly because of other signals. Addition of GSK3b inhibitors CHIR99021 and BIO could no longer up-regulate its phosphorylation and inhibit its activity (Fig. S6b) . As expected, CHIR99021 and BIO showed no effect on hSKP senescence (Fig. S6c) . Besides, mTOR is an import downstream signal which is activated by Akt and plays important roles in cellular growth and organismal aging. We used two chemical compounds Propranolol and MHY1485 to further activate mTOR in hSKPs [18, 19] . Both activators showed obvious and specific activation of mTOR, indicated by phosphorylation of S6K (p-S6K) and further inhibition by Rapamycin (Fig. S6d) . Neither the mTOR activator MHY1485 nor the inhibitor Rapamycin showed any effect on hSKP senescence (Fig. S6e) . Although Propranolol treatment alleviated hSKP senescence, the effect could not be reversed by Rapamycin, indicating that the effect of Propranolol was mediated by other unknown signal instead of mTOR. Other than Akt, TGF-b also regulates p15
INK4b in G1 arrest. We used SB431542 to inhibit TGF-b activity, indicated by Smad2/3 phosphorylation (p-Smad2/3) (Fig. S6f) . We found that hSKP proliferation was enhanced upon TGF-b inhibition (Fig. S6g, h ), cellular senescence was not altered (Fig.  S6g) , suggesting that TGF-b regulates hSKP proliferation but not senescence. associated with Vhl loss-induced senescence in the kidney [28] . In vitro, p27 KIP1 is required for RB-mediated senescence in a human osteosarcoma cell line and mediates senescence-like growth arrest induced by PI3K inhibitors in mouse embryonic fibroblasts [29, 30] . Interestingly, in the present study, hSKP senescence is also associated with hypo-phosphorylation of RB, inadequate AKT activity and abundant p27 KIP1 expression. Several upstream molecules control p27 KIP1 and p15
INK4b in cell cycle progression. The transcription of both inhibitors is activated by the FOXO transcription factors [31, 32] . Transaction activity of FOXOs relies on its nuclear localization which is inhibited upon their phosphorylation by Akt kinase. The PI3K-Akt pathway mediates multiple aspects of cellular activities including senescence. Indeed, inhibition of PI3K-Akt pathway activity and constitutively activated FOXOs has been reported to induce cellular senescence [30, 33] . However, recent studies has pointed out that over-activation of Akt and deficiency of FOXO also lead to premature senescence and shortening of cellular life span [34, 35] , which was related to various diseases and organismal aging [13] . In fact, different extent of changes in pathway activity determines totally different outcomes. While moderate down-regulation of Akt pathway leads to decelerated proliferation and delayed cellular depletion, strong inhibition usually causes sharp cease of cell proliferation of the cells. In the present study, we concluded that the extremely low level of Akt activity could not support the normal proliferation of hSKPs and results in quick senescence.
It is intriguing to know what causes the hypo-activity of Akt in hSKPs. Routine hSKP culture condition contains EGF, which is known to activate multiple signals including the PI3K-Akt pathway. We indeed detected considerable EGFR expression in hSKPs and no obvious decline with time (data not shown). We also tried other growth factors to activate Akt, including PDGF whose receptor was robustly expressed in hSKPs [8] , IGF (Fig. S4) , and some other factors and peptides, all seemed not effective. In the future, it is worth working to investigate the trigger of hSKP senescence, not only to understand more about how cellular senescence is initiated and regulated, but also to create an optimal culture condition for hSKPs and push them one more step forward from bench to beside.
